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ABSTRACT: A nonlinear finite element analysis was performed to simulate axial compression of

sandwich beams with debonded face sheets. The load - end-shortening diagrams were generated for

a variety of specimens used in a previous experimental study. The energy release rate at the crack tip

was computed using the J-integral, and plotted as a function of the load. A detailed stress analysis

was performed and the critical stresses in the face sheet and the core were computed. The core was

also modeled as an isotropic elastic-perfectly plastic material and a nonlinear post buckling analysis

was performed. A G-raeco-Latin factorial plan was used to study the effects of debond length, face

sheet and core thicknesses, and core density on the load carrying capacity of the sandwich composite.

It has been found that a linear buckling analysis is inadequate in determining the maximum load a

debonded sandwich beam can carry. A nonlinear post-buckling analysis combined with an elasto-

plastic model of the core is required to predict the compression behavior of debonded sandwich

beams.
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INTRODUCTION

There is a renewedinterest in using sandwich construction in aerospace structures mainly

driven by the possibility of reducing weight and cost. Fiber composites such as graphite/epoxy are

favored as the face-sheet material because of their high stiffness and ability to be co-cured with many

core materials. In the field of aerospace structural engineering, sandwich construction finds

application in wing skins and fuselage among other structures. Debonding of the face-sheet from the

core is a serious problem in sandwich constructions. This may occur during the fabrication process

due to inadvertent introduction of foreign matter at the interface or due to severe transverse loads

as in foreign object impact. The debonded sandwich panels are susceptible to buckling under in-

plane compressive loads, which may lead to the propagation of the delamination 3, and/or core and

face-sheet failure. Hence there is a need for a systematic study to understand how the core and face-

sheet properties affect the compression behavior of a debonded sandwich composite.

There are many works concerning buckling ofdelaminated composite beams and plates. These

models were later extended to sandwich beams. Simitses et al. (1985) and Yin et al. (1986)

developed analytical models to study the effects of delamination on the ultimate load capacity of

beam-plates. The latter paper included the post-buckling behavior as well as energy release rate

calculations to predict delamination growth. Chen (1993) included the transverse shear effects on

buckling, post-buckling and delamination growth in one-dimensional plates. A nonlinear solution

method was developed by Kassapoglou

delaminations under compressive loads.

conjunction with the

(1988) for buckling and post-buckling of elliptical

This method employs a series solution approach in

perturbation technique to solve the laminated plate equations for large

3In this paper the words debonding and delamination are interchangeably used to denote

the lack of bonding between one of the face sheets and the core.

2



deflections.Experimentswereperformedonsandwichpanelscontainingdelaminatedface-sheets

(notethat thedelaminationswerein betweenlayersof theface-sheet;theface-sheet/coreinterface

did not containdelaminations).Thenonlinearmodelswereabletopredicttheonsetofdelamination

andfailure loadsin the experiments.

Frostig (1992)andFrostig andSokolinsky(1999)have developedahigherordertheoryfor

studyingthebucklingof delaminatedsandwichpanelswith flexiblecore.Theirmethodis capable

of capturingbothsymmetricandanti-symmetricmodesof buckling.Niu andTalreja(1999)used

Winkler foundationmodelsto study thebuckling of thin debondedfacelayers. Minguet et al.

(1987),studiedthecompressivefailureof sandwichpanelswith avarietyof corematerialsincluding

honeycombcore.Theyobservedthreetypesof failure modes- corefailure, debondandface-sheet

fracture.Basedonthetestresultstheydevelopedanonlinearmodelto predictthesefailuresusing

appropriatefailure criteria for eachfailure mode.Sleight and Wang (1995),comparedvarious

approximatenumericaltechniquesfor predictingthebucklingloadsof debondedsandwichpanels,

andcomparedthemwith planefinite elementanalyses.Theyconcludedthat 2-D planestrainFE

analysisisnecessaryin orderto predictthebucklingloadsaccurately.Hwu andHu (1992),extended

the work of Yin etal. (1986),for thecaseof debondedsandwichbeams.Theydevelopedformulas

for bucklingloadsin termsofsandwichbeampropertiesanddebondlength?Kim andDharan(1992),

used a beam on elasticfoundation model and computedthe energyreleaserate in debonded

sandwichpanels.Basedon fracturemechanicsthey predictedcritical debondlengthsfor crack

propagation.Theyusedtheir model to predict failure in plastic-foamcoresandwichpanels.An

extensiveexperimentalstudywasconductedbyKardomateas(1990),tounderstandthebucklingand

post-buckling behavior of delaminatedKevlar/epoxy laminates.The experimentalprogram

documentedthe load-deflectiondiagrams,deformationshapein post-bucklingand growth of



delamination.

From this literaturesurvey it is clearthat a systematicstudy of compressionbehaviorof

sandwichpanelswith debondedface-sheets,especially failure in the post-bucklingregime, is

overdue.Any modeling should be preceded by a testing program to understand the effects of various

parameters such as face-sheet stiffness, core stiffness and core thickness, and debond length on the

buckling and post-buckling behavior. In a previous experimental study (Avery, 1998; Avery and

Sankar, 2000) compression tests were performed to understand the effects of core and face-sheet

properties, and delamination length on the compression strength ofdebonded sandwich composites.

A preliminary finite element analysis was presented in Avery, Narayanan and Sankar (1998).

In the present study, an attempt is being made to use finite element simulations of the

compression tests to explain the failures observed in the experiments. For the purpose of

completeness a brief description of the materials system used in the experiments as well as the

experimental results are presented in the following section. The finite element model is described

and the various possible scenarios of failure are discussed using the FE results.

EXPERIMENTAL STUDY

The sandwich composites used in the experimental study were made of graphite/epoxy face

sheets and an aramid (Nomex®) honeycomb core. The face-sheet was made from Fiberite ® carbon

fiber/epoxy plain-woven prepregs, and the face-sheets and the core were co-cured. The honeycomb

structure has orthotropic properties and its principal directions are denoted by L, W, and t. The L and

W directions are in the plane of the core panel and the t-direction is the thickness direction. The

properties of the face sheet and core materials can be found in avery (1998) and Avery and Sankar

(2000). The specimens used were 4 inches long and 2 inches wide. A Teflon layer was introduced
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betweenthe coreandoneof the facesheetsto simulatedebonding.TheTeflon layercoveredthe

entirewidth of thespecimen,andits lengthwasvariedfrom 0.5inch to 2 inches.

Thecompressiontestswereconductedinadisplacementcontrolledmode.Thespecimenswere

clamped at the endsand were subjectedto axial compression.The testswere stopped after

substantialloadreductiondueto buckling and/orcatastrophicfailure of the specimen.A sample

compressiontestis illustratedby thephotographstakenat variousstagesof loadingof oneof the

specimens(Fig. 1). Correspondingload - end-shorteningdiagram is shownin Fig. 2. Sixteen

different typesof specimensweretestedto understandtheeffectsof corethickness,coredensity,

facesheetthicknessand delaminationlengthon the compressiveload carrying capacity of the

sandwichbeamcolumn.Six repeattestswereconductedfor eachspecimentype. The specimen

configurationandthemaximumloadat failure for eachof the 16testsaresummarizedin Table1.

The face-sheetthicknessis expressedin terms of the numberof plies in eachface-sheet.The

thicknessof eachply wasontheaverage0.0087inch.Thefailureloadisgivenasloadperunit width

of the specimen(lb/in). Avery(1998)performedaGraeco-LatinSquareanalysis(Schenck,1961)

of theresultsfrom the 16specimensto understandthe effectsof delaminationlength,facesheet

thickness,corethicknessandcoredensityon thefailure load.Thestatisticalanalysisresultedin an

empiricalrelationforthefailureloadP in terms of the test variables: a, delamination length; h, face

sheet thickness; c, core thickness; and p, core density:

P= KA(h)f2(a)f3(c)?_(p) (1)

where K is a constant and S and _ are empirical functions, which are shown in Fig. 3.

In the present study, an attempt is being made to use finite element simulation of the

compression tests to explain the failures observed in the experiments and to predict the maximum

load a sandwich specimen with debonded face sheet can carry before failure.
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FINITE ELEMENT ANALYSIS

The finite element analysis was used to estimate the linear buckling loads and mode shapes of

the delaminated sandwich beams and to simulate the actual compression tests by performing a

nonlinear post-buckling analysis of the sandwich beam under axial compression. The results from

the linear buckling analysis are needed for the post-buckling analysis also. The FE analysis was

performed using the FE package ABAQUS TM and the FE model was created using the FE pre-

processor MSC/PATRAN% The development of the FE model involved meshing of the surfaces of

the geometric model and resulted in the creation of approximately 800 isoparametric elements with

2500 nodes. Since the delamination or debond was through the width of the specimen, three

dimensional model was avoided, and the specimen was modeled using eight-node, biquadratic, plane

strain elements. The actual width of the delamination in the experiments were 2 inches, which is very

large compared to the face sheet thickness (-0.008 in). Hence the assumption of plane strain in the

width direction is justified.

The graphite/epoxy face-sheet was modeled as a homogeneous linear elastic orthotropic material

throughout this study. This assumption is justified as the face-sheet did not undergo any

delamination or other significant failure. The dominant failure mechanisms of interest are the core

failure and the interracial fracture. The properties used for the face-sheet and core materials are given

in Table 2. The homogeneous properties of the face sheet material were derived from the data

provided by the manufacturer (Fiberite TM) of the plain-weave composite. The 1-direction is parallel

to the longitudinal beam axis and the 2-direction is the thickness direction of the sandwich beam.

A state of plane strain is considered normal to the 1-2 plane, and the beam width in the 3-direction

is assumed to be unity.



Althoughhoneycombcorewasusedin theexperimentalstudy,it wasdecidedto modelthecore

asahomogeneouscontinuum.This assumption is justifiable only if the characteristic dimensions

of the problem are much larger than the cell size. For example, in the current problem most of the

delamination lengths, except 0.5 inch, are larger than the cell size of 0.125 inch. Also, as one of the

objectives was to understand the effect of core properties on the buckling and post-buckling

behavior, it was decided that it was not necessary to model the microstructure of the core in detail

at this stage. The core properties used in the simulations are given in Table 2. Not all properties were

available from the manufacturer. For example, the transverse shear stiffness (plate shear) is available

from the manufacturer. The compressive strength was obtained by Avery (1998).

The FE analyses performed can be broadly classified into two parts: Linear buckling analysis and

nonlinear post-buckling analysis. The main purpose of the linear buckling analyses was to

understand the effects of core thickness, core density, face-sheet thickness and delamination length

on the buckling load. Further, the linear buckling mode shapes are required in specifying the

imperfections needed to trigger post-buckling in the nonlinear analysis. It should be mentioned that

no gap elements (contact elements) were used in between the nodes on the delaminated surfaces.

Thus interpenetration of the crack surfaces was not prevented in the FE analysis. However there was

no interpenetration in the first buckling mode shape, and hence the use of gap elements was not

pursued.

The nonlinear post-buckling analysis was performed to simulate the compression tests of the

sandwich specimens. The nonlinear analysis consists of the following steps:

1. An eigen-value buckling analysis was performed on the "perfect" model to obtain the

possible buckling modes.

2. In the second step of the analysis, an imperfection in the geometry was introduced by
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adding a fraction of deflections from the eigenmodes(buckling mode shapes)to the

"perfect" geometryto createaperturbedmesh.Thechoiceof thescalefactorsof thevarious

modeswasdependenton theface-sheetthickness.Usually,10%of theface-sheetthickness

wasassumedto bethescalefactorfor themajorbucklingmode.In thepresentstudyonly the

first modeshapewasincludedin the imperfection.

3. Finally, a geometricallynonlinear load-displacementanalysisof the structure was

performedusingtheRiks method(Riks, 1979,Crisfield, 1981).

During thepostbucklinganalysesthefollowing quantitieswerecomputedateachloadstep:(a)

total load and displacement(end shortening);(b) stressesO_x,Oyyand a:xyin theface-sheets;(c)

stressesOxx,Oyyandz_ in thecore;and(d) J-integralaroundoneof thecracktips.

RESULTS AND DISCUSSIONS

TheFE simulationswereperformedon 16models,by varyingthefollowing parameters:face-

sheetthickness,corethickness,coredensityanddelaminationlength.Thespecimennumbers,their

dimensionsincludingthedelaminationlengthandpropertiescorrespondto thosegivenin Table1.

Linear Buckling Analysis

Theresultsof the linearbuckling analysisarepresentedin Table3. Thefirst bucklingloadPer,

the experimental failure load Pma_, and their ratios (R=PmJPcr) are given in Table. 3. The last column

provides a qualitative comparison of P,,a_ and Per. We assume that Pm_x _ Per, if 0.9 _ R z 1.1.

Considering the uncertainties in the material properties, the cellular nature of the core and boundary

conditions, this range for R is reasonable. Six specimens satisfy this condition. The five specimens

that failed in post buckling (R > 1.1) have thin face sheets (1 or 3 plies) and longer delaminations.

Further, when the specimens failed in post-buckling range the failure loads were significantly higher



thanthebuckling loads.Therewerefive specimensthatfailedbelow the bucklingload.Typically

theyhadthicker facesheets.Threeof themhad1.0inch longdelamination.In thesecasesthefailure

couldbeeitherdueto otherfactorssuchascompressivefailureof facesheet,e.g.,specimen13(see

Avery, 1998),or corefailure.

There is another possible explanation for specimens with 1 inch delamination failing below the

buckling load. From Fig. 3 one can note that the failure load is very sensitive to delamination length,

when it is approximately equal to I inch. Thus there is a possibility that the delaminations were

slightly longer than one inch in the tests and this contributed to a drastic reduction in the failure load.

Because of the cellular nature of the core the actual length of the delamination or the effective length

of the delamination in experiments was difficult to estimate. Thus the effective length of the

delamination could be longer than the implant length and thus resulting in failure below the

theoretical buckling load. In order to verify this theory buckling loads of Specimens 6, 10 and 14

were computed for 1.2 inch delamination length. The increase in 0.2 inch is arbitrary, but it is within

two cell- diameters. The reduction in buckling load due to increase in delamination length and

comparison with the experimental failure load are shown in Table 4. It may be noted that the R

values have increased, and are now closer to unity.

Post-buckling Analysis

As mentioned before, a nonlinear analysis of the sandwich beam was performed using the Riks

algorithm. The purpose of the analysis was to see if the experimental failure loads correspond to the

maximum loads attained in the post buckling analysis. A sample load-deflection curve for Specimen

4 is shown in Fig.4.

The summary of maximum loads attained in the FE analysis are presented in Table 5. The FE

post- buckling loads are compared to the experimental failure load by computing the ratio R =



Pmax/PpB, where Pan is the maximum load attained in the nonlinear analysis. Again it is assumed that

0.9<R<1.0 indicates closer agreement between tests and simulations. From Table 5 the following

observation can be made. All the specimens failed at a load approximately equal to or below the

maximum load predicted by the FE post buckling analysis, i.e., R was always less than 1.1. Thus the

nonlinear FE analysis gives an upper bound for the failure load. The values are closer in eight of

the sixteen specimens (0.9 < R < 1.1). In these specimens the delamination is generally longer, and

the post buckling analysis is able to predict the load carrying capacity with reasonable accuracy.

However, in other specimens the actual failure occurred at a lower load than the maximum load

predicted by the finite element post-buckling analysis (R<0.9), indicating that some other failure

mechanisms triggered the collapse of the specimens. It should be noted that Specimen 13, which

has thickest face-sheets, thickest high-density core and short delamination, has the highest post

buckling load (8,100 lb/in.). However it failed at a much lower load (4,528 lb/in.). This is because

the face-sheets failed in compression even before the specimen went into the post buckling regime

(see Avery, 1998). The maximum compressive stress in the face sheet in the FE model

corresponding to the experimental failure load was found to be 54 ksi.

Energy Release Rate

From early on it was suspected that the compressive failure in a debonded sandwich beam will

occur due to delamination buckling followed by catastrophic failure due to unstable delamination

propagation. However a postmortem analysis of failed specimens indicated that there was no or little

crack propagation in most of the failed specimens. In order to check this, the energy release rate at

the crack tip was computed using the J-integral at each load step of the post buckling analysis. A

typical graph showing the variation of energy release rate with the load is presented in Fig. 5. It may

be seen that the energy release rate is very low until the post-buckling instability, and G rapidly raises
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thereafter. The energy release rate at the experimental failure load for each specimens that failed

below the postbuclding load are given in Table 6. In the same table the interfacial fracture toughness

for the corresponding specimen is also given. This fracture toughness was measured using a

modified sandwich DCB specimens in the experimental study (Avery, 1998). From the results it is

clear that the G was considerably lower than Gc in all specimens and delamination propagation

could not have been the trigger mechanism that caused the failure.

Stress analysis

The stresses in the face sheet and the core were computed at each load step of the nonlinear

analysis. A detailed mapping of stresses in most specimens can be found in Narayanan (1999). A

sample plot of a_, stress distribution through the thickness of the core is presented in Fig.6. These

stresses were compared with corresponding strength values to check if they could have initiated the

failure. The maximum compressive stresses in the core corresponding to the experimental failure

load are presented in Table 6. It must be noted that the core stresses presented in the table are values

at the mid-span of the specimen. The compressive stresses near the crack tip were not analyzed as

the mesh was not considered fine enough to capture the oscillating singular stress field at the crack

tip. However the mesh was good enough for computation of the J-Integral.

In Table 6 the compressive strength of the core material for different specimens are also listed

next to the maximum core stresses. One can note that the compressive stresses in Specimens 2 and

3 are higher than the corresponding strength values. Compressive tests on the core materials indicate

that the core behaves like an elastic perfectly plastic material. Thus the core instability could have

triggered failure in some of the specimens as shown in Table 6.

Sensitivity to delamination length

All specimens with one inch long delamination failed below the maximum load predicted by the
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post-buckling analysis.Theseand other specimenswere analyzedwith a slight increasein

delaminationlength. The resultsarepresentedin Table 7. Onecannote that the postbuckling

maximum wassensitiveto thedelaminationlengthandanincreasein delaminationlengthbrought

themaximumloadscloserto theexperimentalfailure load.In spiteof increasingthedelamination

length,the experimentalfailure loadsof Specimens2 (R=0.7)and3 (R=0.6)aremuchlower than

thecorrespondingpost-bucklingmaximum,i.e., R<0.9. Before the beam goes into post buckling

instability some other failure mechanisms should have causes failure of these two specimens. Since

the compressive stresses in the core were much higher than the compressive strength, it is speculated

that the core became unstable and lead to collapse of the core and hence the specimen. Since the

simulations used linear elastic models for the core this failure phenomenon could not have been

captured.

In order to verify this concept a preliminary study was conducted wherein the core was modeled

as an isotropic elastic perfectly plastic material. The isotropic behavior was due to limitations of the

FE software and also due to lack availability of orthotropic elasto-plastic properties of the core. In

the isotropic model the yield strength of the core material was assumed to be 120 psi. The load-end

shortening relationship for Specimen 5 is shown in Fig. 7. One can note a sudden load drop at about

1000 lb which is due to the core going into the plastic regime. This trend is similar to that observed

in tests (see Fig. 2) by Avery (1998) and Avery and Sankar(2000). This result suggests appropriate

modeling of the elasto-plastic behavior of the core is important in predicting the behavior of

debonded sandwich beams.

Parametric Studies

A Graeco-Latin Square Factorial Scheme (Schenck, 1961) was devised to isolate the effects of

various parameter on the maximum post-buckling load PPB obtained in the FE analysis with linear
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elasticcoreproperties.This methodof studyingtheeffectsof different variables on the objective

function is very similar to the one Avery (1998) performed on his experimental failure loads. An

empirical formula similar to that in Eq. (1) was derived for the maximum post-buckling load. The

effects of various parameters on the post-buckling maximum load PPB are shown in Fig. 8. One can

note that similarities between the empirical relations presented in Fig. 8 for the FE results and in

Fig. 3 for the experimental results. The major difference is in fla), the functional relationship

between maximum load and delamination length. In experiments the maximum load drops

drastically between 0.5 and 1.0 inch delaminations, and then decreases slowly increase in

delamination length (see Fig. 3). However, the FE model predicts drastic reduction between 1 and

1.5 inches (see Fig. 8). As explained earlier the reasons for this discrepancy could be slightly longer

delamination in tests and core failure in the tests.

CONCLUSIONS AND FUTURE WORK

A finite element analysis was performed to simulate axial compression of debonded sandwich

beams. Eight node plane strain elements were used to model the face-sheets and the core. A linear

buckling analysis was performed to determine the buckling loads and corresponding mode shapes.

The nonlinear analysis modeled the post buckling behavior of the sandwi_ch beams. The load-end-

shortening diagrams were generated for a variety of specimens used in a previous experimental

study. The energy release rate at the crack tip was computed using the J-integral, and plotted as a

function the load. A detailed stress analysis was performed and the critical stresses in the face sheet

and the core were computed. The core was also modeled as an elastic-perfectly plastic material and

the nonlinear post buckling analysis was performed.

By comparing the experimental failure load and the FEA results the following conclusions can
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be reached.Thelinearbuckling analysisis inadequatein predictingtheloadcarryingcapacityof

debondedsandwichbeams.Thus a nonlinearpost-bucklinganalysisis requiredto predict the

compressionbehavior.Themaximumloadattainedin thepost-bucklinganalysiscorrespondstothe

experimentallydeterminedcompressivestrengthin 50% of the specimens.Theseare typically

specimenscontaininglong disbonds(1.5or 2.0 inches).As theloadis increasedthesespecimens

becomeunstable,and the stressesand energyreleaserate at the crack-tip raiserapidly causing

catastrophicfailure.In theremaining50%of thespecimensfailure occurredbeforethemaximum

loadpredictedby thepost-bucklinganalysis.Thesearespecimenswith shortdisbonds(0.5 and1.0

inch).The energyreleaseratewasconsiderablylower than theinterfacialfracturetoughnessthus

eliminatinginterfacefailureasamechanismfor thespecimenfailure.It wasfoundthatthemaximum

load is very sensitiveto the delaminationlength when it is about 1 inch. A slight increasein

delaminationlengthdrasticallyreducesthefailureloadbothinexperimentsandanalysis.Thestress

analysisresultsshowthatthe in specimenswith shortdisbondscompressivestressesin the core

exceededthecompressivestrengthindicatingthat corefailure couldhavetriggeredthespecimen

failure. A preliminarystudywasconductedwhereinthecorewasmodeledasanisotropicelastic-

perfectlyplasticmaterial.Therewasasharploaddropasthespecimenwasloaded,andthisbehavior

wassimilar to theexperimentalobservations.

In conclusionanonlinearpost-bucklinganalysisisadequateforsandwichbeamscontaininglong

disbonds.To obtain a conservativeestimateof the compressivestrengtha slightly longer

delaminationshouldbeconsidered.Theincreasein thedebondlengthcouldbeasmuchasonecell

diameter.Whenthedelaminationsareshort,corefailure cantrigger the instability,andhencethe

elasto-plastic behavior of the core should be included in the model in order to predict the

compressive load carrying capacity of debonded sandwich beams.

14



Acknowledgments

This researchhasbeensupportedbytheNASA Langley ResearchCenterGrantNAG-l-1887.

The authorsaregratefulto Dr. D.R.Ambur for hisconstantencouragementandsupport.Thanks

aredueto Mr. AbhinavSharma,graduatestudent,for performingsomeof thefinite element

computations.

REFERENCES

Avery, J.L., 1998."CompressiveFailureof DelaminatedSandwichComposites",Masterof

Sciencethesis,Departmentof AerospaceEngineering,Mechanics& EngineeringScience,

University of Florida, Gainesville,Florida.

Avery, J.L.,Narayanan,M. andSankarB.V., 1998."Compressivefailureof debonded

sandwichbeams",Recent advances in Mechanics of Aerospace Structures and Materials,

Sankar, B.V. (Editor), American Society of Mechanical Engineers, New York, pp. 207-217.

Avery, J.L. and B.V. Sankar, 2000. "An experimental study of post-buckling behavior of

debonded sandwich composites", J. Composite Materials (in press).

Chen, H.P., 1993. "Transverse Shear Effects on Buckling and Postbuckling of Laminated and

Delaminated Plates", AIAA Journal, 31 (1): 163-169

Crisfield, M.A. (1981 ). "A fast incremental/iterative solution procedure that handles snap-

through", Computers & Structures, 13:55-62.

Frostig, Y., 1992, "Behavior of delaminated sandwich beams with transversely flexible core -

Higher Order Theory", Composite Structures, 20:1-16.

Frostig, Y., and Sokolinsky, V., 1999, "Buckling of debonded (delaminated) sandwich panels

15



with atransverselyflexiblecore",Advances in Aerospace Materials and Structures, Newaz, G.

(Editor), American Society of Mechanical Engineers, New York, pp. 23-40.

Hwu, C. and J.S. Hu. 1992. "Buckling and Postbuckling of Delaminated Composite

Sandwich Beams", A/A_A Journal, 30(7): 1901-1909.

Kardomateas, G.A. 1990. "Postbuckling Characteristics in Delaminated Kevlar/Epoxy

laminates: An Experimental Study. ,1. Composites Technology & Research. 12(2): 85-90.

Kassapoglou, C. 1988. "Buckling, Post-Buckling and Failure of Elliptical Delaminations in

Laminates under Compression", Composite Structures, I9:139-159

Kim, W.C. and C.K.H. Dharan, 1992. "Face-sheet debonding criteria for composite sandwich

panels under in-plane compression", Engineering Fracture Mechanics. 42(4):642-652.

Minguet, P., J. Dugundji and P.A. Lagace, (1987). "Buckling and Failure of Sandwich Plates

with Graphite-Epoxy Faces and Various Cores", J. Aircraft, 25(4):372-379.

Narayanan, M. 1999. Finite Element Analysis of Debonded Sandwich Beams Under

Compression, Master of Science Thesis, University of Florida, Gainesville, FL, December 1999.

Niu, K. and Talreja, R., 1999, "Buckling of a thin face layer on Winkler Foundation with

debonds, J. Sandwich Structures and Materials, 1(4):259-278.

Riks, E. (1979). "An incremental approach to the solution of snapping and buckling

problems", Int. J. Solids. Struct. 15: 529-551.

Schenck, H. (1961), Theories of Engineering Experimentation, McGraw-Hill, New York,

NY, pp. 85-115.

Simitses, G.J., S. Sallam and W.L. Yin, 1985. "Effect of Delamination of Axially Loaded

Homogeneous Laminated Plates", AIAA Journal, 23(9): 1437-1444

Sleight, D.W. and J.T. Wang, 1995. "Buckling Analysis of Debonded Sandwich Panel Under

16



Compression,NASA Tech Memorandum 4701.

Yin, W.-L., S.N. Sallam and G.J. Simitses, 1986. "Ultimate Axial Load Capacity of a

Delaminated Beam-Plate", A/AA Journal, 24(1): 123-128.

17



Table 1. Properties of specimens used in the experimental study and their failure loads.

Thickness of each face sheet ply was about O.0087 inch.

Specimen Plies per Core Core Delamination Experimental

Number face-sheet Thickness Density Length (in.) Failure load

(in.) (lb./ft 3) (lb/in)

1 1 0.250 1.8 0.5 98

2 1 0.375 3.0 1.0 162

3 1 0.500 3.0 1.5 164

4 1 0.375 6.0 2.0 194

5 3 0.375 3.0 0.5 1,210

6 3 0.250 6.0 1.0 497

7 3 0.375 1.8 1.5 361

8 3 0.500 3.0 2.0 439

9 5 0.375 3.0 0.5 2,528

10 5 0.500 1.8 1.0 1,215

11 5 0.375 6.0 1.5 1,385

12 5 0.250 3.0 2.0 893

13 7 0.500 6.0 0.5 4,528

14 7 0.375 3.0 1.0 2,319

15 7 0.250 3.0 1.5 1,688

16 7 0.375 1.8 2.0 1,583
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Figure Captions

Fig 1. A sandwich beam with debonded face sheets under axial compression. Photographs show

progression of debond buckling and failure.

Fig. 2. Experimental Load - deflection (end-shortening) diagram for the specimen shown in Fig.

1

Fig. 3. Empirical relations for maximum experimental compressive load. Effects of face-sheet

thickness(h), core thickness (c), debond length (a) and core density (p)

Fig. 4. Finite element simulation of a debonded sandwich beam: a sample load - end-shortening

relation under post-buckling for Specimen 4.

Fig. 5. Energy release rate at the crack-tip as a function of load for Specimen 8.

Fig. 6. Through-the-thickness a_ stress distribution in the core at the center of the beam in

Specimen 8 for a compressive load of 391 lb./in.

Fig. 7. Finite element load - end-shortening curve for Specimen 5 with core modeled as an

elastic-perfectly plastic material.

Fig. 8. Empirical relations for maximum compressive load predicted by nonlinear FE analysis.

Effects of face-sheet thickness(h), core thickness (c), debond length (a) and core density (,o)
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